The accurate ab-initio modelling of prototypical and well-representative photo-active interfaces for candidate dye-sensitised solar cells (DSCs) is a perennial problem in physical chemistry. To this end, using ab-initio, density functional theory (DFT)-based molecular dynamics (AIMD) has been carried out here to investigate the effect with which the choice of functional has on a system mimicking the essential workings of a DSC: the energetic properties of a [bmim]
Introduction
The band gap of semiconducting-substrate surfaces are modulated by photo-responsive dyes, which take in light and pass thereto, in dye-sensitised solar cells (DSCs). DSCs require that this transferred charge flux is recycled on a constant basis; thus, a redox electrolyte 1 is essential to the make-up of an organic solvent, such as I -/I 3-. 2, 3 In such a way, transfer of photo-excited, dyeoriginated holes to the electrolyte may be achieved, with resultant injected-charge passage into the substrate and onwards through the external circuit, with the electron-hole pair combining anew at the cathode; this is the basic modus operandi of a DSC. Crucially, DSCs' fabrication may be done without the need for materials of high purity, which is encouraging for boosting their outlook in a wide variety of real-world applications. The operational timeframes of DSCs may be lengthened a great deal by switching to use of electrolytes exhibiting lower volatility, with room-temperature ionic liquids (RTILs) constituting a leading exponent of such an electrolyte-substitution candidate. The electrical properties of RTILs are characteristic of those of a liquid, whilst their physical ones (such as low flammability, volatility and toxicity) 4 are redolent of a solid; this leads to RTILs being highly attractive as agents for usage in DSCs.
Given striking progress in Density Functional Theory (DFT)-based molecular simulation, particularly ab-initio molecular dynamics (AIMD), as an initial 'screening' technique in materials design, especially in the context of DSCs, [5] [6] [7] with critical assessment of optimal choice of functionals being sine qua non, 6, 7 we have applied such approaches in to reveal important dispersion and solvation effects on both dye structure and binding modes at dye/substrate surfaces, with reasonable reproduction of essential electronic properties, such as band gap. [8] [9] [10] We have applied this extensively to a prototypical N719-chromophore adsorbed to an anatasetitania (101) interface, assessing vibrational and structural characteristics in the presence of a
[bmim] +
[NTf2] − RTIL. 8, 9 In particular, the structural rigidity of anatase (101), aside from its inherent relative photo-activity, means that the surface changes little during AIMD simulation, and is further motivation for the study of anatase (101) surfaces. 11 In ref. 8 , we established that explicit dispersion interactions in RTIL-solvated systems led to the average separation between the cations and anions decreasing by 0.6 Å, the mean distance between the cations and the surface decreasing by about 0.5 Å and significant altering of the RTILs layering in the first layer surrounding the dye, with the cation being on average 1.5 Å further from the centre of the dye.
Inclusion of explicit dispersion effects in vacuo resulted in unphysical kinking of the adsorbed N719 dyes configuration. In ref. 9 , we assessed as to whether these structural effect of explicit RTIL solvation and choice of functional affected the behaviour of the DSSCs, concluding that both explicit solvation and inclusion of dispersion is very important.
A compelling, and less addressed, question in the literature remains however, whether choices of the functional, dispersion and solvation affect more subtle properties of the system, such as adsorption energies and vibrational spectra, for which some previous high-quality benchmark simulation and experimental data is available for validation. Indeed, the present study sets out to explore whether choice of functional, dispersion and solvation is important to future work involving AIMD for these types of large, challenging ab-initio simulation systems from the viewpoint of energetic and vibrational properties.
The adsorption energy of the N719 dye onto titania surfaces has been estimated from statistical techniques. Previous state-of-the-art electronic-structure work by Mosconi et al. 12 has studied the effect which solvation by either water or acetonitrile has on the adsorption energy for three different acids, chosen so as to be reasonable substitutes for a full chromophore. The adsorption energy for the most stable configuration of benzoic acid was reported to be -0.03363, -0.02677 and -0.0215 Hartree for unsolvated, water-and actetonitrile-solvated systems, respectively.
Similarly, the respective adsorption energies for the most stable configuration of 2-cyano-3-phenyl-acrylic acid were reported to be -0.03283, -0.02629 and -0.02837 Hartree for identical solvation conditions. By the same token, the corresponding respective energies for the most showed that the B3LYP functional suffered from systematic errors in calculating the properties of ionic liquids. Hence, in the present work, we make a comparison for the N719-on-titania system (with and without RTIL) between the two GGA functionals PBE (Perdew-BurkeErnzerhof) and BLYP (Becke-Lee-Yang-Parr). In particular, bearing in mind that accurate farinfrared vibrational spectroscopy data for N719 is also available, 16, 17 it is now timely to assess and validate the scope of DFT functionals, as well as to benchmark the inclusion of explicit dispersion treatment in functionals and gauge the importance of explicit solvation in AIMD studies on these more subtle and demanding adsorption-energy and vibrational properties, 18 having achieved some progress in understanding these effects in the context of gross structural properties.
8,9

Methodology
The methodological simulation approach is adopted, by and large, from refs. To provide for accurate assessment of how in-vacuo and explicitly-solvated treatments affect both adsorption energies and vibrational properties of the dye/substrate interface, six ~8.5-ps AIMD simulations were performed with a 1 fs time-step at 300 K in an NVT ensemble, with 400
Ry cut-off and triple-zeta basis sets with BLYP, BLYP-D, PBE and PBE-D functionals. For the simulations of systems including explicit dispersion effects (denoted by appending '-D'),
Grimme-D3 dispersion corrections 28, 29 were added to the functional. The temperature was fixed by coupling the systems to a Nosé-Hoover 30 thermostat with a period of 0.15 ps, and the virialestimated 31 pressure was found to average to 1 atm. The six different AIMD simulations were run as below:
➢ BLYP system I; no dispersion corrections, no solvation.
➢ PBE system I; no dispersion corrections, no solvation. Using AIMD trajectories, spectra were computed by Fourier-transforming each dye atom's velocity autocorrelation function (VACF), and weighting by each atom's mass and then summing these. This was done for VACFs extracted after the first 2 ps of simulation. This approach handles both temperature and anharmonicity effects, and extends readily into the farinfrared, [31] [32] [33] [34] although it has been applied less commonly to systems of the relatively large present size before. In the same manner, the adsorption energies, and underlying standard errors, were estimated from data taken after 2 ps.
Results and Discussion
Relaxed Geometries and Binding Energies: Effects of Functional, Dispersion and RTIL Solvation
Representative configurations of the structure of the dye at the end of the six systems simulations can be seen from a frontal perspective in Fig. 1 , with further details on structural properties in ref.
9 (e.g., a comprehensive suite of pair distribution functions). PBE systems I
shows explicit hydrogen bonding to the surface, with the PBE system undergoing (in-vacuo) the greatest changes to the dyes' initial binding modes. 9 In any event, none of the systems simulated with BLYP bend towards the surface to the same degree as that seen in the unsolvated PBE cases, although there is some tentative evidence of the BLYP system 9 beginning this process.
Also, the only simulation to exhibit a proton-transfer event from the surface to the dye was PBE system 9 which was simulated using PBE-D in the absence of ionic liquid. Evidence suggests that this setup then has the longest-range interactions of the systems studied; 9 The adsorption energy of the N719 dye onto the bare (unsolvated) anatase surface was given by
and the various components of these BOMD-sampled energy calculations are reported in Table   1 . As the energy components of the various systems were calculated from the combined energies of hundreds of atoms, it is expected that the central-limit theorem applies to each trajectory and the energies for each system are considered to be normally distributed. For samples with fewer data points it is ill-advised to perform an F-test for variances first, in order to determine whether the subsequent t-test should be the homoscedastic or heteroscedastic version. 35 Although most systems studied show reasonably similar adsorption-energy variances (SD ~ 0.01 -0.02 Hartree), these are sufficiently different to require the usage of Welch's unequal-variance independentsample t-test, which was carried out for all of the statistical comparisons in the present study. In any event, comparing BLYP (I) and PBE (I) for the bare-system case with the adsorption-energy data in Table 1 , t = 1.43 and p ~ 80% for a two-tailed test, suggesting, strictly, no significant functional dependence in dye-binding energies (if one requires, say, 90+% to reject H0).
However, there is still a difference between BLYP and PBE that, even if not meeting a 90%-threshold to reject H0 unambiguously), does serve to highlight the underlying differences in structural adsorption motifs encountered (cf. Figs. 1a versus 1b, and also ref. 9): in essence, the PBE I case's explicit hydrogen bonding to the surface enhances the binding-energy magnitude by some ~5% vis-à-vis BLYP (i.e., -0.563 vs. -0.533 Hartree, cf. Table 1 ). This greatest PBEcase structural shift in the dye's initial binding modes 9 (cf. Fig. 1 ) leads to a (statistically) nearsignificant difference in adsorption energy; indeed, were the (very computationally expensive)
AIMD simulations prolonged beyond ~8.5 ps, the greater mismatch between the binding-energy estimates as time progresses clearly evident in Table 1 may well lead to a t-test indicating greater than 90% confidence to reject H0 -a de-facto statistical-confidence standard in many aspects of physical chemistry.
For explicitly-solvated systems, the dye-adsorption energy was found by
BOMD-sampled components are detailed in To assess explicitly and quantitatively the effects of adding Grimme-dispersion interactions to the two GGA functionals, we compare for the explicitly-solvated cases PBE vs PBE-D (i.e., PBE II vs III) and vice versa for its BLYP counterpart. As discussed above, the inclusion of dispersion effects can produce noticeable differences in the structure of the interface (cf. Fig. 1 and ref. 9). Comparing PBE II vs III with binding-energy data from Table 2 Further, experimentally-measured spectra possess a more restricted frequency range, and represent an amalgamation of the dynamics of multiple dyes in various geometries in contrast, our BOMD is for a single surface-bound dye, with a more defined resultant spectrum.
For PBE, overall, the experimental modes of the in-vacuo spectra in Fig. 2 are reproduced by AIMD with reasonable fidelity. The thiocyano-moiety 2100 cm -1 peak is modulated and moved to 2000 cm -1 , the 1600 cm -1 mode is weaker than experiment, whilst the 1230 cm -1 peak is blueshifted to 1280 cm -1 . Despite these disparities, the other modes are in excellent accord between the experimental and simulated spectra. A few far-IR of modes (< 500 cm -1 ) differ between the PBE spectra: this is likely to be attributable to the various different binding motifs which the dyes adopt, in the end. In the case of BLYP, there is good accord in terms of prediction of mode frequencies vis-à-vis experiment, 16 except for the large peak at 1500 cm -1 . BLYP system I, which does not have additional dispersion corrections added, appears to align well, in-vacuo, with the established experimental-IR vibrational modes. 16, 17 In comparing the unsolvated-dye spectra on anatase, we found that PBE (system I) agreed more closely with the experimental peaks than BLYP (I), although the 1230 cm -1 peak was better captured by BLYP system I (cf. Fig. 2 ). afforded by BLYP, allowing the titania surface to couple more closely with the dynamics of the dye. 7 The far-IR structure for the two BLYP systems (with and without dispersion) agree closely with one another, indicating that this part of the spectra depends strongly on the geometry of the dye. In the unsolvated systems, we did not see this sort of close agreement upon addition of dispersion to the functional; however, with the surrounding solvent included, the structure remains more 'upright' and the location of the peaks in the region < 1000 cm -1 align closely.
The PBE system III spectra (i.e., with dispersion and explicit solvation, cf. Fig. 3d ), resembles closely the N719 spectrum from experiment; even the thiocyano N-C moiety's peak at 2100 cm -1 is reproduced. Naturally, displacement of modes with respect to experiment is evident, although this would not be unexpected in the present work, given the explicit solvation of N719 by the RTIL in simulations as opposed to a dry dye in experiment. The largest peak displacement takes place for the 1230 cm -1 mode, which is blue-shifted to 1300 cm -1 . Again, some peaks for the PBE-II system (without dispersion) are shifted due to the presence of the solvent, and, overall, the PBE-II spectra are very similar to those of PBE III (with dispersion), although the relative intensities of modes in the far-IR region is somewhat different between the two systems.
None of the three BLYP cases simulated in the present work has a strong vibrational mode at 1720 cm -1 associated with the carboxylic-acid moiety. In the case of PBE, only system II (explicit solvation, without Grimme) does not have a strong vibrational mode here. This particular mode depends upon the coupling of the carboxylic acid to the anatase surface, which dispersion corrections naturally serve to enhance. This finding supports further two previous hypotheses: firstly, the BLYP functional has less inherent longer-range effect than PBE, and, secondly, solvation serves to reduce the effect that dispersion corrections have on the system by damping the longer-range interactions.
The modes of the PBE spectra are generally shifted to higher frequencies than the same modes in the BLYP spectra. For explicit solvation without Grimme PBE II performs better at reproducing the experimental modes over 1300 cm -1 , whereas BLYP II captures the 1230 cm The PBE-simulated systems generally perform better in reproducing the thiocyano-associated spectral modes than do the BLYP systems. In the far-IR spectral region, the geometry of the dye relative to the anatase plays an important role; additional dispersion interactions can affect this, in so far as they alter the relaxed geometry of the dye (cf. Fig. 1 and ref. 9 ). For both the BLYP and PBE systems, addition of dispersion corrections for explicitly-solvated systems results in a change to the relative magnitude of the frequency modes, but does not cause substantial shifting of the various underlying modes' locations. The effect of solvation on the dynamical properties of the dyes changes the magnitude of frequency modes relative to each other and also causes some of the modes to be shifted by about 50 cm -1 towards higher frequencies. However, spectral similarities emerge in the vibrational features of all of the analysed solvated systems. Naturally, different binding motifs lead to altered spectra, as is dramatically evident by the relative magnitudes of the carboxylic versus the carboxylate modes in Fig. 3 , which originate from two or three binding modes. 9 In terms of the RTIL-solvated cases, PBE-D (i.e., PBE III) offers clearly superior performance in producing spectra which match the expected experimental frequency modes.
In terms of dye-adsorption energies, it was found that explicit solvation and dispersion tended to have statistically significant effects upon their incorporation into BOMD simulation, mirroring structural changes in dye-substrate interactions upon their usage (cf. Fig. 1 and ref. 9 ). It was found that the impact solvation was more dramatic in the case of the PBE functional on the binding energy, mirroring the earlier structural findings of ref. 9 . In general terms, bearing in mind both energetic and dynamical properties studied in detail in the present work, as well as structural aspects in ref. 9 , the effects of explicit solvation on energetic, structural and dynamical properties have been shown to require careful treatment in DFT with N719 dyes, and especially in AIMD. This mirrors findings, as mentioned previously, with those in our earlier work for a ruthenium-based H2-storage catalyst, where we found dramatic explicit-solvation effects on structure, vibrational properties and energetics. 36 Therefore, future work by the DFT and AIMD simulation community needs to validate carefully and appraise critically the accuracy of both functionals and treatment of dispersion, as well as solvation strategies. 
